The Escherichia coli translational initiation factor IF3 is encoded by an mRNA that has an unusual ribosome binding site. We have explored a mechanism that may account for the translation of IF3 and that provides regulation of the quantity of IF3 relative to ribosomes.
RESULTS AND DISCUSSION
The Problem. IF3 is responsible (at least) for dissociating 70S ribosomes that are not making protein, so as to allow the 30S subunit to reengage an mRNA and initiate translation (3) . Purified IF3 is required for 70S ribosome dissociation in vitro and for high-level translation of natural mRNAs (3). When a 30S particle, bound to IF3, initiates translation, the normal mechanism is as shown in Fig. 1 . Although the nucleotides surrounding initiating codons in E. coli are not random, we do not understand the contribution of that information to the 1000-fold differences in rates of translation between different mRNAs (1, 5, 6) . Specifically, we do not know whether any 16S RNA domains (besides the 3' end) are used to achieve mRNA selection. Nevertheless, we have always believed that 16S RNA contains other domains that potentiate mRNA binding, at least for some mRNAs.
The sequence of the mRNA encoding the initiation factor IF3 was recently published (7) ; the translational initiation domain breaks many "rules" followed by most other E. coli mRNAs (1, 5, 6) . The sequence of the IF3 mRNA around the initiation codon is (7) t t t t t § f f f f t
G-G-A-G-G-A-A-U-A-A-G-G-U-AUU-A-A-A-G-G-C-G-G
The Shine-Dalgarno region (*) is the only segment of this mRNA that is conventional (8) (9) . We have attempted to account for IF3 expression by seeking to understand its translation. IF3 expression is known to be regulated. IF3 levels increase, along with the other components of the translational machinery, when growth rates increase (9) . That is, E. coli must respond to transiently decreased levels of IF3 by increasing the relative rate of IF3 expression, which is itself needed for the translation of all other mRNAs in the cell. Similarly, excess IF3 should selectively diminish the relative rate of IF3 production. However, IF3 is not feedback regulated by the same mechanism as are ribosomal proteins (2) . Cells carrying plasmids encoding IF3 yield more IF3 protein in response to increased plasmid copy number (10) .
A constant IF3/ribosome ratio could be maintained if IF3 were translated in a mode independent of IF3 function; cells could adjust the relative amount of IF3 made as a result of competition between the IF3 mRNA and all others in the cell. High IF3 levels would stimulate all other mRNAs, leaving few ribosomes for IF3 translation; low IF3 levels would make available many ribosomes for IF3-independent translation of IF3 itself. We propose that the odd sequences around the IF3 initiation codon (and the odd initiation codon itself) provide molecular components of the regulatory mechanism; the specific model involves interactions with certain sequences of 16S RNA.
Juxtaposition of Certain 16S RNA Domains. The secondary structure of 16S RNA (Fig. 2 ) is now well established (11) . The figure highlights the regions that, we will argue, lie close to the groove that captures mRNA during translational initiation (as in Fig. 1) .
We first note a crosslinking experiment between acetylvalyl-tRNA and 16S RNA. The acetylvalyl-tRNA was bound into the P site, after which photoactivation gave a specific crosslink to cytidine-1400 (12) . The location of cytidine-1400 (Fig. 3) , relative to the P site, has rotational ambiguity, dependent on the precise details of the photoactivation process [the tRNA has a modified base at the 5' position of the anticodon, and the crosslink is between that modified base and cytidine-1400 (13) ]. We have selected among the possible orientations of cytidine-1400, relative to the tRNA in the P site, according to our idea about IF3 translation. In Figs. 4 and 5, orientations and polarities are based on the same idea.
Hearst and his colleagues have studied psoralen intramolecular crosslinking of 16S RNA. Most psoralen crosslinks confirm the 16S RNA secondary structure predicted by the Woese-Noller phylogenetic arguments (11) . In addition, a crosslink between uridines-1506 and -956 has been found (14) . Thus the cytidine-980 domain of 16S RNA may be brought into the neighborhood of the mRNA groove (Fig. 4) . The orientation of the cytidine-980 domain has rotational ambiguity; the orientation shown is consistent with the proposed secondary structure of 16S RNA.
Another crosslink involves the 3' uridine of a tetranucleotide messenger (U-U-U-U) and both guanosine-462 and -474 of 16S RNA (16) . The tetranucleotide mRNA was positioned in the decoding site on the 30S particle (Fig. 5 ). GuanosineAbbreviation: IF3, initiation factor 3.
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In summary, four 16S RNA domains (the 3' end, cytosine-1400, cytosine-980, and guanosine-462/guanosine-474) are near each other on the surface of a 30S particle (Fig. 6 ). This surface is known to participate in mRNA binding, 50S particle binding (18, 19) , and binding of the initiation factor IF3 (3).
The Model. We now examine the proposed IF3-independent initiation of the IF3 mRNA (Fig. 7) . We first note that the 16S RNA domains, as we have positioned them (Fig. 6) , have an interesting relationship to the mRNA binding groove of the 30S particle (compare Fig. 7A with Fig. 1A) . The binding of IF3 mRNA (Fig. 7B ) occurs with and depends on the unfolding of the guanosine-462/guanosine-474 helix; the bound message is base paired to 16S RNA at 20 of 24 nucleotides. By virtue of the Shine-Dalgarno interaction, as in the normal initiation transitional event (Fig. 1B to C) , initiator tRNA joins the complex (Fig. 7C ). Base pairing with the initiator tRNA (as in Fig. 1D ) is facilitated by the cytosine-980 region and the renaturation of the guanosine-462/guanosine-474 helix (Fig. 7D) . The proposed interactions rationalize every odd feature of IF3 mRNA, including the AUU initiation codon. In fact, the AUU of the mRNA participates in a perfect 10-base duplex. We imagine that IF3 binding to the 30S particle (as in Fig. 1 ) interferes with the proposed IF3-independent mode; Fig. 1 is drawn so as to show IF3 occluding some of the 16S RNA nucleotides used in the IF3-independent mode. Buffering of IF3 Translation. How do the proposed interactions meet the objective of buffered IF3 expression? Translational termination (of all messages) is followed by the release of free 30S and 50S particles (22) . The free 30S particle (Fig. 8) can react with either the IF3 protein (A), a 50S particle (B), or the IF3 mRNA (C). When the level of IF3 protein is low relative to the number of 30S particles, IF3-independent translation of the IF3 mRNA brings about an (Fig. 2) . The crosslinking to both guanosine-462 and guanosine-474 (shown in black) is consistent with the secondary structure of 16S RNA (11) . The data for this experiment are from Wagner et al. (16) and Wagner and Gassen (17) . increase in IF3 protein level; this is the means by which IF3 protein levels respond to increased growth rate (9) . When the growth rate is decreased, 1F3 expression should decrease and excess IF3 would be diluted. While IF3 is in excess, few 30S particles will be able to initiate translation in the IF3-independent mode. Alternatively, IF3 mRNA might directly bind to 70S particles in the absence of IF3 protein. The interactions of Fig. 7 would still be used. Some data (25, 26) The free components (IF3 protein, IF3 mRNA, the 30S particle, and the 50S particle). (C) The 30S and 50S particles can interact to form a 70S particle. (A) The 30S particle and IF3 protein can interact to prepare the 30S particle for normal translational initiation. (D) The 30S particle can interact directly with IF3 mRNA to form a pre-initiation complex. This complex corresponds to Fig. 7B . The 30S particle with IF3 protein (A) participates in translational initiation on most E. coli messages, through the Shine-Dalgarno interaction. In this mode, IF3 mRNA will be discriminated against because of the initiation codon AU U. IF3-dependent translation of IF3 should be inefficient. The IF3 mRNA sequence has a good Shine-Dalgarno region, so that normal mRNA binding should occur (as in Fig.  1B) . That binding should stimulate initiator tRNA binding (as in Fig. 1C ), but the poor initiation codon should diminish the rate of transition to the complex having codon-anticodon base pairs (as in Fig. 1D ). Thus the dissociation of IF3 mRNA in the IF3-dependent mode may be favored over initiation; if so, both the high rate of IF3-independent translation and the low rate of IF3-dependent translation would be derived, at least in part, from the AUU initiation codon. Most importantly, IF3 translation is buffered whether 1F3 levels are too high or too low.
Perhaps the IF3 protein, the 50S particle (through 23S RNA), and the IF3 mRNA compete for some of the same RNA sequences on the 30S particle (but see refs. 8, 19) . All three interactions use the same face of the 30S particle. Probably the IF3 protein is displaced when a 50S particle joins the complex. In this view, IF3 protein bound to a 30S particle, could provide mRNA selectivity by preventing RNARNA interactions that are usually not productive but can lead (quickly and preferentially) to IF3 expression in the absence of IF3.
Evolution of the Regulatory Loop. The present IF3 mRNA sequence is only two transversions away from a sequence whose conventional translation would yield an IF3 protein missing the amino-terminal hexapeptide (Fig. 9) . In fact, the IF3 protein in the cell is found as a mixture of long and short forms (23) ; the short form is fully active and missing exactly six amino acids from the amino terminus (24) . The short form begins with Val-Gln-Thr and thus results from proteolysis (10) rather than translational initiation (through the remnant of the old initiation domain). Since a possible primordial ribosome binding site is still visible, and the present amino terminus is not essential, we think the extra codons evolved to provide a buffered regulatory circuit. The nucleotides probably are for mRNA function rather than protein function. Furthermore, the relationship between nucleotides 3-21 and 22-40 suggests that creation of a small duplication and subsequent point mutations may have led to the evolution of the present IF3 mRNA (Fig. 9) .
Conclusion. We have presented a detailed model for IF3-independent translation of the IF3 mRNA in E. coli. The model is based on chemical crosslinking data and the odd nucleotide sequence around the IF3 ribosome binding site. It is so precise that tests will be simple to construct, and it has value both as a predictor of a new kind of regulatory loop and as a predictor of 30S particle topography.
